Introduction
In 2006, two groups independently described a previously unknown conserved nuclear protein complex. They used very different yeast genetic screens as starting points and each proposed a different function for the complex. One group named this complex KEOPS (Kinase, Endopeptidase and Other Proteins of small Size) (Downey et al, 2006) . Their starting point was a genome-wide search for mutations that improved the growth of a cdc13 mutant. Cdc13 protein is crucial for telomere protection and function. They found that deletion of a previously uncharacterized gene partially suppressed a cdc13-1 temperature-sensitive (ts) mutation. They called this yeast gene CGI121 because the protein was a homologue of a human protein, Cgi-121, that interacted with a p53 kinase called PRPK. Yeast also has a clear ortholog of human PRPK called Bud32. To identify interacting partners, yeast Cgi121 was TAP tagged and used to purify a protein complex that they named KEOPS. The complex consisted of Cgi121, the kinase Bud32, a putative endopeptidase called Kae1 (Kinase-Associated Endopeptidase) and a small protein called Pcc2/Gon7. Mutations in the genes for three of these proteins caused severe growth defects and shortened telomeres. Downey et al concluded that the KEOPS complex was in some way involved in telomere regulation and maintenance.
Another lab discovered the same complex while searching for multicopy suppressors of a splicing defect caused by a point mutation in U1 RNA (Kisseleva-Romanova et al, 2006) . The screen yielded a gene encoding a small protein of 88 amino acids. Deletion of this gene, which they named PCC1, caused extremely poor growth. A pcc1 ts mutant had defects in transcription of many genes as well as genetic interactions with other genes involved in transcription. They TAP-tagged Pcc1 to discover proteins that bound to it and identified the same four proteins Kae1, Bud32, Cgi121 and Pcc2 that were identified by Downey et al. It is possible that the screen of Downey et al missed Pcc1 because of its small size. Kisseleva-Romanova et al named this complex EKC for 'Endopeptidaselike and Kinase associated to transcribed Chromatin.' Chromatin immunoprecipitation experiments showed that the complex was associated with transcribed genes, and thus these authors concluded that it was involved in transcription. Deletions of four of the five genes encoding the complex led to extremely slow growth or lethality, the only exception being CGI121 whose deletion had very little effect on growth.
Four of the five proteins in the KEOPS/EKC complex show extraordinary sequence conservation from archaea to mammals. One of these proteins, Kae1, is even more conserved, with readily detectable orthologs in bacteria. Notably, Kae1 is one of the very few proteins that are nearly ubiquitous in cellular life forms, but its exact function(s) remains elusive; accordingly, it has been described as the top target for experimental study among functionally uncharacterized conserved proteins (Galperin and Koonin, 2004) . Interestingly, genomes of all eukaryotes also code for a mitochondrial homologue of Kae1, called Qri7 in yeast. The sequence conservation and the severe pleiotropic phenotypes of mutants clearly suggest that Kae1 has a crucial role in all species. A recent study described phenotypes of a yeast kae1 ts mutant and concluded it had defects in chromosome segregation (Ben-Aroya et al, 2008) . Thus, although three different roles have been attributed to this complex, namely telomere maintenance, transcription and chromosome segregation, its actual function(s) in these processes is unknown.
In this study, we show that the KEOPS/EKC complex is required for a universal tRNA modification called threonyl carbamoyl adenosine (t6A), found in all tRNAs that pair with ANN codons, where N is any of the four bases (the only exception being prokaryotic fMet tRNA). This modification consists of a carbonyl group and a threonine attached to the amino group of adenine at nucleotide 37 immediately 3 0 of the anticodon (see Figure 3A ). Structural work has demonstrated that t6A strengthens the A-U codon-anticodon interaction on the ribosome (Murphy et al, 2004) . Very little is known about the enzymes responsible for the t6A modification. A recent paper reported that a yeast protein, Sua5, which in not part of the KEOPS/EKC complex, is required for t6A formation (El Yacoubi et al, 2009 ). In addition, early reports demonstrated that a partially purified Escherichia coli extract was able to carry out the modification reaction in vitro and that the reaction required threonine, bicarbonate and ATP (Elkins and Keller, 1974; Korner and Soll, 1974) .
Results

kae1 Mutants are defective in translation
Given the extraordinary conservation of Kae1 among eukaryotes ( Figure 1 ) and the various functions attributed to this protein and its associated complex, we sought to identify the essential role of Kae1. To this end, we tested the effects of a kae1 ts mutation at the non-permissive temperature on macromolecular synthesis. Although the rates of DNA and RNA synthesis were reduced in the mutant, as compared with a wild-type strain, protein synthesis was more severely affected (Supplementary Figure S1 ). This finding suggested that the primary function of Kae1 could be associated with translation, in accord with the prediction, based on genomic neighbourhood analysis, that the bacterial Kae1 ortholog performs a translation-associated function (Wolf et al, 2001) . Further support for the functional association of the KEOPS/EKC complex with translation comes from a comparative genomic analysis of several Methanocaldococcus species in which the PCC1 gene is fused with the gene for an acetyltransferase, an apparent ortholog of RimI, known to acetylate alanine in a bacterial ribosomal protein (Yoshikawa et al, 1987) . Given that the KEOPS/EKC complex was previously implicated in transcription (Kisseleva-Romanova et al, 2006) , we considered the possibility that it was required for rRNA synthesis which would affect translation. We found that neither the steady-state levels nor the maturation of rRNA was affected in kae1 ts mutants. 
t6A Modification of tRNAs requires Kae1
We became aware of the observation that some bacterial carbamoyl transferases contain a domain also found in Kae1, raising the possibility that Kae1 and its orthologs are involved in the t6A modification of tRNAs (El Yacoubi B and de Crécy-Lagard V, http://genomicscience.energy.gov/pubs/2009abstracts/2009GTLAbstractsFinal3.pdf). This finding prompted us to test whether Kae1 was required for this modification. KAE1 is annotated as an essential gene but we were able to obtain a viable but extremely slowly growing deletion strain by dissecting a diploid, heterozygous for the mutation. To examine the involvement of Kae1 in t6A modification of tRNAs, we analysed tRNAs isolated from the kae1 deletion strain by primer extension. As mentioned above, Sua5 has been reported to be required for the t6A modification (El Yacoubi et al, 2009) , and thus we used a sua5 deletion strain as a control for the primer extension experiments. Bulk tRNAs were isolated from wild type, kae1 and sua5 deletion strains and subjected to extension with primers specific to either tRNA Ile (AAU) that normally contains the t6A modification, or tRNA Val (UAC) that lacks the modification. Strikingly, in case of the Ile tRNA, both kae1 and sua5 deletion strains showed an identical pattern of extension that differed from the wild-type pattern at nucleotides 37 and 38, near the position of the t6A modification ( Figure 2 ). On the other hand, all three strains had an identical primer extension pattern for the Val tRNA. These results suggested that the difference observed at positions 37 and 38 of the Ile tRNA could be indicative of an effect on t6A modification of tRNA in both kae1 and sua5 mutant strains. We also noticed that the Ile RNA in the two mutants was extended beyond that of the wild type, suggesting that the mutants had a defect in 5 0 -end processing. To test if this was the case, we examined bulk tRNAs isolated from wild type, kae1 and sua5 mutants by northern blotting analysis using hybridization with specific probes. We observed that all the Ile tRNAs from the kae1 and sua5 mutants that were detected by this method migrated at the position of fully processed wild-type tRNA (Supplementary Figure S2 ), and thus the difference observed in primer extension was most likely due to a minor fraction of unprocessed tRNAs in the two mutants. Therefore, we focused our attention on the difference in primer extension seen at the position of the t6A modification.
Modification of cytoplasmic and mitochondrial tRNAs requires Kae1 and Qri7, respectively
To test directly whether Kae1 was involved in t6A modification of tRNAs, we analysed the nucleosides derived from total tRNA preparations of wild type, kae1D and sua5D strains by LC-MS/MS. The structure of t6A and its m/z spectrum are shown in Figure 3A . We determined the ratio of t6A/A in total tRNAs derived from the three strains. The analysis revealed Figure 2 Primer extension analysis of tRNA Ile (AAU) and Val (UAC) . tRNAs isolated from wild type (WT), kae1D and sua5D mutant strains were subjected to primer extension analysis as described in Materials and methods. End-labeled primers specific to either tRNA Ile (AAU) or Val (UAC) were used for the analysis. Cloverleaf structures of the Ile and Val tRNAs are shown. The specific primers used are complementary to the sequence shown in bold face in the cloverleaf structures. The position of the t6A-modified base (A37) in the Ile tRNA, marked by horizontal arrows, was confirmed by running length standards and sequence ladders. (B) t6A content of tRNA isolated from the indicated strains. tRNA isolated from wild type (WT), kae1D, sua5D, qri7D and kae1D qri7D mutant strains was hydrolysed to nucleosides as described in Materials and methods. The t6A content of each strain, normalized to the respective adenosine content, is plotted as the % t6A/A and the numerical values are also shown below the graph. (C) t6A content of an E. coli strain depleted of YgjD. An E. coli strain with the natural ygjD promoter replaced by the inducible arabinose promoter was grown with (YgjD þ ) and without arabinose (YgjD À ). tRNA was isolated from the two cultures and processed for LC-MS/MS analysis as above. The % t6A/A for each condition is plotted and the numerical values are also shown below the graph. that the ratio of t6A/A in the wild type was about 2.5% while the kae1D mutant had about 40-fold reduced levels of t6A (t6A/A ¼ 0.06%) ( Figure 3B ), demonstrating that Kae1 is essential for t6A modification of tRNAs. Interestingly, the sua5D strain had a more than 10-fold lower t6A/A ratio than the kae1 mutant (t6A/A ¼ 0.004%), effectively at background levels ( Figure 3B ). To explain why kae1 mutants had a higher than background level of t6A, we hypothesized that Qri7, the mitochondrial homologue of Kae1, might still be functional in a kae1D strain and thus would contribute to the total t6A. We, therefore, tested the amount of t6A in tRNA from qri7D and qri7D kae1D mutants. The qri7 mutant had a slightly reduced amount of t6A in comparison to wild type, whereas the amount of t6A in the qri7 kae1 double mutant was at the background level observed in the sua5 mutant ( Figure 3B ). Thus, it is likely that Kae1 is involved in t6A modification of cytoplasmic tRNAs while Qri7 is involved in modification of mitochondrial tRNAs. Additional evidence came from primer extension studies using a primer specific for a mitochondrial Ile tRNA. The qri7 mutant affected only the primer extension pattern for the mitochondrial tRNA whereas the kae1 mutant affected only the cytoplasmic pattern (Supplementary Figure  S3) . Given that the sua5D mutant completely abolished t6A, it seems likely that Sua5 is required for modification of both the cytoplasmic and mitochondrial tRNAs (although the Sua5 protein does not have an obvious mitochondrial import signal).
The t6A-modifying activity of Kae1 is evolutionarily conserved As mentioned above, the gene for Kae1 is represented in at least one copy per genome in (nearly) all organisms from all three domains of life. The gene is essential in all bacterial species tested, thus far including E. coli (Arigoni et al, 1998) . To test whether the E. coli ortholog of Kae1, YgjD, is required for t6A modification, we used an E. coli strain that has the natural ygjD promoter replaced by the inducible arabinose promoter. Growing this strain in the absence of arabinose depletes the intracellular pool of YgjD (Handford et al, 2009 ). To determine whether YgjD is required for t6A modification, we used LC-MS/MS quantification of the t6A/A ratio in tRNAs isolated from E. coli cells under YgjD-depleted (Àarabinose) or YgjD-repleted ( þ arabinose) conditions ( Figure 3C ). When the strain was grown in the presence of arabinose, the t6A/A ratio was B0.2%. In sharp contrast, depletion of YgjD by growing cells in the absence of arabinose reduced the t6A/A ratio by 40-fold ( Figure 3C ). This indicates that the E. coli Kae1 ortholog, YgjD, is required for t6A modification of tRNAs, and thus the function is conserved between yeast and bacteria.
The t6A modification requires Pcc1, the ATPase activity of Kae1 and the kinase activity of Bud32
As mentioned above, Pcc1, Bud32 and Cgi121 are the other highly conserved subunits of the KEOPS/EKC complex. Moreover, in many archaeal genomes the genes for the Kae1 and Bud32 orthologs are fused, supporting a tight functional linkage between these proteins. We tested whether the other subunits of the complex are required for t6A modification by primer extension of a t6A containing tRNA (Ile AAU) isolated from WT, pcc1D, kae1D, bud32D and cgi121D strains. The primer extension profiles of the pcc1 and bud32 mutants look exactly like that of the kae1 mutant, with a marked difference at position 37 in comparison to the wild type. In contrast, the profile from the cgi121 mutant was indistinguishable from that of the wild type ( Figure 4 ). This result suggests that Pcc1 and Bud32 along with Kae1 are required for t6A modification, whereas Cgi121 is dispensable. It is noteworthy that the pcc1D and bud32D strains grow as poorly as the kae1D mutant whereas the cgi121D mutant grows at a close to normal rate (Supplementary Figure S4) .
Sequence and structure analyses show that Kae1 adopts an actin/HSP70/DnaK structural fold and retains all the conserved amino acid residues that are required for ATP binding and hydrolysis by the molecular chaperones of the HSP70/ DnaK family (Aravind and Koonin, 1999; Koonin, 2010) . Furthermore, a weak metal-dependent ATPase activity of Kae1 has been demonstrated (Mao et al, 2008) . In order to test whether the ATPase activity is required for t6A formation, we used mass spectroscopy to quantify the t6A content of tRNAs isolated from a kae1D strain transformed with a low copy CEN plasmid containing the wild-type KAE1 gene, or a kae1 mutant that abolishes metal binding and ATPase activity (kae1 H141,145A ) (Mao et al, 2008) , or the empty vector. The analysis revealed that the kae1 H141,145A mutant grew as poorly as the kae1D strain and had a very low t6A/A ratio compared with wild type ( Figure 5A ). This finding strongly suggests that the ATPase activity of Kae1 is required for t6A formation.
Bud32 is an atypical, Rio-like, protein kinase (Leonard et al, 1998; Facchin et al, 2002) . To test whether the kinase activity of Bud32 is required for t6A modification, we used a strategy similar to that used for the Kae1 ATPase mutant. A bud32D strain was transformed with a low copy CEN plasmid containing the wild-type BUD32 gene, or a catalytic site mutant known to abolish kinase activity in vitro (bud32 D161A ) or the empty vector. The analysis by mass spectroscopy revealed that in the Figure 4 Primer extension analysis of tRNA Ile (AAU) isolated from KEOPS/EKC mutants. tRNAs isolated from wild type (WT), pcc1D, kae1D, bud32D and cgi121D mutant strains were subjected to primer extension analysis as in Figure 1 . The cloverleaf structure of the Ile tRNA is shown. The specific primer used for the analysis is complementary to the sequence shown in bold face in the cloverleaf structure. The position of the t6A-modified base (A37) in the Ile tRNA is marked by horizontal arrows. bud32D mutant, the t6A/A ratio was reduced 10-fold compared with wild type (t6A/A ¼ 0.023% as opposed to 0.23% in the wild type), while in the bud32 D161A catalytic mutant, the t6A/A ratio was reduced to 30% of the wild type (t6A/ A ¼ 0.069%, as opposed to 0.23 in the wild type) ( Figure 5B) . Thus, the kinase activity of Bud32 appears to be required for t6A modification. The t6A/A ratio of the wild-type strain in this experiment (bud32D with BUD32 on a CEN plasmid) was lower than that seen for a strain with a genomic copy of the wild-type gene ( Figure 3B) . This difference is most likely due to plasmid loss and the use of synthetic medium in this experiment. The fact that the catalytic site mutant exhibits better growth than the bud32 deletion ( Figure 5B) , an observation that has been reported previously , correlates well with the data showing the catalytic site mutant has more t6A than the deletion mutant. Possibly, the catalytic mutant retains some kinase activity in vivo; alternatively, Bud32 contributes to t6A formation as a structural subunit of the complex, to some extent independent of its kinase activity.
In vitro reconstitution of the t6A-modification reaction
It has been reported previously that partially purified E. coli extracts can carry out t6A modification of tRNA in vitro (Elkins and Keller, 1974; Korner and Soll, 1974) . The reaction required threonine, bicarbonate and ATP (Elkins and Keller, 1974) . Under similar conditions, using a mixture of the KEOPS/EKC complex and Sua5 partially purified from yeast by TAP-tag affinity chromatography, we were unable to incorporate radioactive threonine into tRNA-lacking t6A (isolated from a sua5 mutant and thus lacking the modification). However, using a yeast whole-cell extract and the same tRNA substrate, we observed incorporation of radioactive threonine into TCA precipitable material in an ATP, bicarbonate and Kae1-dependent manner ( Table I) . The dependence on bicarbonate and Kae1 made it unlikely that we were simply observing charging of threonyl tRNA; instead the results suggested that threonine was being incorporated into t6A. Yeast extracts prepared from a kae1D mutant showed a modest 1.6-fold increase in incorporation over that seen without ATP and bicarbonate (Table I) . This result was suggestive of a low level of t6A synthesis that might be due to the presence of Qri7 in the extract. In contrast, the sua5 mutant extracts were just as effective as the wild type in bicarbonate and ATP-dependent incorporation of threonine (Table I) . This observation was surprising in light of the fact that Sua5 is necessary to modify tRNAs in vivo ((El Yacoubi et al, 2009 ) and our results). In an attempt to understand this puzzling result, and to confirm that the observed threonine incorporation was indicative of t6A biosynthesis, we replaced the radioactive threonine with heavy threonine (containing one N15 and four C13 atoms) and analysed the reaction product by LC-MS/MS. As shown in Figures 3A and 6A, t6A with natural isotopes has a retention time of 12.5 min under our conditions and m/z ¼ 413.2 fragmenting to 280.9. Using wild-type extracts, substrate tRNA and heavy threonine, we detected a peak with a retention time of 12.5 min and m/ z ¼ 418.6 with a fragmentation product with m/z ¼ 286.0 (shifted by 5 Da because of the heavy isotopes). The 418 peak was not seen in reactions that lacked either bicarbonate Figure 5 Kae1 ATPase activity and Bud32 kinase activity are required for t6A formation. (A) LC-MS/MS analysis of tRNA nucleosides from kae1 mutants. A kae1D strain was transformed with a low copy CEN plasmid containing the wild-type KAE1 gene (WT), a mutant of the ATPbinding site (kae1 H141,145A ) or the empty vector (kae1D). Ten-fold serial dilutions of the respective cultures were spotted onto a selective medium and assessed for growth at 301C. tRNA isolated from the three strains was processed for LC-MS/MS quantification of t6A and A as described in Materials and methods. The t6A content of each sample, normalized to the respective adenosine content, is plotted as the % t6A/A and the numerical values are also shown below the graph. (B) A similar analysis was done with bud32 mutants. A bud32D strain was transformed with a low copy CEN plasmid containing the wild-type BUD32 gene (WT), a catalytic site mutant (bud32 D161A ) or the empty vector (bud32D). Ten-fold serial dilutions of the respective cultures were spotted onto a selective medium and assessed for growth at 301C. The t6A content of each sample, normalized to the respective adenosine content, is plotted as the % t6A/A and the numerical values are also shown below the graph. or ATP ( Figure 6A ). This result provides strong evidence that the threonine was indeed being incorporated into t6A ( Figure 6A ). Under similar conditions, an extract from a kae1D mutant did not yield heavy t6A ( Figure 6B ). Interestingly, we did not detect the heavy t6A peak in reactions containing extracts from a sua5D mutant either. This observation contradicted the results obtained with the radioactive threonine assay (Table I) . We speculate that the bicarbonate and ATP-dependent incorporation of the radioactive threonine observed in the sua5D mutant could be due to a reaction intermediate in t6A modification (see Discussion). In summary, the observations that wild-type yeast extracts could carry out the t6A modification in vitro, while neither kae1 nor sua5 mutant extracts could, confirms the requirement of Kae1 and Sua5 for t6A modification of tRNAs.
Discussion
We presented evidence that Kae1 and the conserved KEOPS/ EKC complex are required for the synthesis of t6A in yeast, and confirmed previous work indicating that Sua5 is also required for this reaction (El Yacoubi et al, 2009 ). Interestingly, three other tRNA-modified bases, pseudouracil, 5-methyl cytosine and 1-methyl guanine, are present in normal amounts in kae1 and sua5 mutants (S D'Silva and E Phizicky, unpublished data). We also showed that the bacterial ortholog of Kae1, YgjD, is required for t6A synthesis in E. coli, as is the yeast mitochondrial homologue, Qri7, for mitochondrial tRNAs. It is thus very likely that Kae1 and its orthologs perform this function in all species. Given that Kae1 is a subunit of the KEOPS/EKC complex, highly conserved from archaea to mammals, it seems likely that t6A formation is a primary function of this complex. In addition to Kae1, the Pcc1 and Bud32 subunits of the complex, but not Cgi121, are required for t6A synthesis. Furthermore, the kinase activity of Bud32 is required. Little is known about in vivo substrates of Bud32, except for the glutaredoxin Grx4 (Peggion et al, 2008) .
Biochemical experiments in vitro have demonstrated that Bud32 phosphorylates Kae1, and that binding of Kae1 to Bud32 inhibits its autophosphorylation activity (Hecker et al, 2008) . In vitro, Cgi121 greatly stimulates the kinase activity of archaeal Bud32 (Mao et al, 2008) . Perhaps, another protein can supply this function in yeast, thus making Cgi121 less important for normal growth. Importantly, deletion mutations of the KAE1, BUD32 and PCC1 genes grow poorly and are defective in t6A synthesis whereas the cgi121D mutant grows reasonably well and is able to synthesize t6A. This finding highlights the importance of t6A for normal growth. As noted earlier, this tRNA modification strengthens the interaction of an A-U codonanticodon base pair on the ribosome to allow proper decoding of ANN codons (Weissenbach and Grosjean, 1981; Stuart et al, 2000; Murphy et al, 2004) . Mutations in SUA5 are known to increase the frequency of frameshifting during protein synthesis, most likely because of the lack of the t6A modification (Lin et al, 2010) . Furthermore, the original isolation of a sua5 mutant in a genetic screen can be explained by abnormal frameshifting in the mutant (Na et al, 1992) .
Biochemical activity of Kae1
Kae1 and its orthologs have been annotated as O-sialoglycoprotein endopeptidases based on the work of a single laboratory that purified this protein from the bacterium Pasteurella haemolytica and subsequently cloned the gene from that species (Abdullah et al, 1991) . The gene was cloned from a genomic expression library by screening recombinant plasmids for protease activity on a sialylated protein, glycophorin. The authors sequenced the gene they had cloned and noticed how conserved it was; that is, they had cloned the P. haemolytica ortholog of Kae1. All subsequent annotations of the protein as a sialoglycoprotein endopeptidase are based on this initial report. However, a subsequent paper from the same group casts doubt that the gene they cloned actually encodes such an enzyme (Jiang and Mellors, 2004) . Also, another group could not detect protease activity using the Kae1 ortholog from an archaeal species (Hecker et al, 2007) . Additionally, a report that an archaeal Kae1 ortholog possessed AP lyase activity (Hecker et al, 2007) could not be confirmed with an ortholog purified from a different archaeal species (Mao et al, 2008) . We expressed and purified yeast Kae1 in E. coli and initially detected AP lyase activity. However, subsequent control experiments showed that a low level contamination from the highly active E. coli enzyme, Fpg, was responsible for the observed AP lyase activity. Thus, it appears extremely unlikely that Kae1 has endopeptidase or AP lyase activity. As mentioned above, sequence analysis indicates that Kae1 is a member of the HSP70/DnaK family of molecular chaperones; in this study, we show that its ATPase activity is required for t6A formation ( Figure 5A ). These findings suggest that Kae1 could be an ATP-dependent chaperone for a protein or possibly for tRNA. For example, Kae1 could hold substrate tRNAs in the correct orientation for modification by Sua5 that is likely to be the actual catalyst for the t6A formation.
The telomere defect and possible other roles of the complex It is significant that yeast KEOPS/EKC and SUA5 mutants have a very similar telomere maintenance defect (Downey et al, 2006; Meng et al, 2009) . Given that the synthesis of fulllength yeast Est3 protein, necessary for normal telomere function, requires a programmed frameshift (Morris and Lundblad, 1997) , we considered the possibility that the telomere defect of the mutants was due to inefficient frameshifting and hence a low amount of Est3. Using reagents generously supplied by V Lundblad, we tested this possibility, but found no evidence that there was less full-length Est3 in the mutants. Another possibility that we are currently testing is that the telomerase RNA itself has a functionally important t6A modification. Finally, it seems possible that the putative chaperone activity of Kae1 and the KEOPS/EKC complex are important for proper folding of the telomerase RNA. Although the present results show that the complex is required for t6A synthesis, this might not be its only role. For instance, the convincing chromatin IP data that the complex is associated with transcribed genes (Kisseleva-Romanova et al, 2006) cannot be easily explained by our demonstration of its involvement in t6A biosynthesis. Therefore, the function of the KEOPS/EKC complex in telomere maintenance might be unrelated to t6A. More specifically, it is possible that the predicted chaperone activity of this complex contributes to several processes, t6A formation being one of them.
Enzymology of t6A synthesis
Using heavy isotope-labeled threonine and a tRNA preparation from a sua5 mutant (hence lacking t6A), we were able to obtain convincing evidence that a yeast extract could catalyse the synthesis of t6A in vitro. The reaction required Kae1, Sua5, Bud32, and threonine, bicarbonate and ATP ( Figure 6 ). The requirement for those three small molecules for t6A synthesis was also seen many years ago using a partially purified E. coli extract (Elkins and Keller, 1974) . The precise roles of the proteins involved are not understood; however. It is very likely that ATP is used to activate one or more of the molecules involved in the reaction. Reasoning that such activated intermediates might accumulate in either kae1 or sua5 mutants, we isolated tRNA from each of the mutants, hydrolysed the RNA to nucleosides as in the experiment shown in Figure 3 , and used mass spectroscopy to look for activated adenosine intermediates with a carboxyl group, a carbonyl phosphate group or carbonyl AMP attached to the amino group of adenosine. We did not find evidence for any of these compounds, either because they do not exist or because they were hydrolysed during the isolation procedure. Another possibility is that threonine itself is modified and activated, followed by transfer of that intermediate to adenosine on tRNA, with ATP being required for one or both steps of the reaction.
The enzyme assays using radioactive threonine provided our initial evidence that t6A was being synthesized in vitro. Wild-type extracts were able to incorporate threonine into TCA-precipitable material while kae1 mutant extracts were not (Table I) . On the other hand, we obtained the surprising result that sua5 mutant extracts incorporated just as much threonine as wild-type extracts, and the incorporation also depended on the presence of bicarbonate and ATP. However, the experiments with heavy threonine provided strong evidence that no t6A was synthesized in sua5 mutant extracts. We, therefore, assume that a TCA-precipitable threonine intermediate accumulates in the sua5 mutant, and that Sua5 protein is required to transfer it to adenosine on tRNA. An activated carbonyl threonine moiety might be assembled by and on the KEOPS/EKC complex and then transferred to tRNA by Sua5 protein. Perhaps another as yet unidentified protein is involved in the reaction. That could explain why we were unable to incorporate threonine into tRNA using a mixture of partially purified TAP-tagged Kae1 and Sua5. More experiments are needed to decipher the steps involved in this key tRNA modification and the enzymes that carry them out.
In conclusion, the involvement of the KEOPS complex in the formation of t6A would in itself suffice to account for its exceptional conservation, because this modification is essential for accurate decoding of mRNAs (Yarian et al, 2002) . Loss of t6A modification, due to deletion of SUA5 causes severe translational errors such as frameshifting, nonsense suppression and incorrect initiation at internal AUG codons (Lin et al, 2010) . These defects are also compatible with the severe pleiotropic effects observed in KEOPS complex mutants. Our findings highlight the importance of the KEOPS complex in maintaining the stringency of the genetic code and translational fidelity.
Materials and methods
Strains, plasmids and growth conditions
The strains and plasmids used in this study are listed in Supplementary Table SI . Sequences of primers and probes used are available upon request. Yeast strains were grown in YPD medium (1% yeast extract, 2% peptone, 2% dextrose) or in synthetic complete medium lacking uracil to select for the pRS316based plasmids. Plasmid transformations were performed according to standard protocols (Ausubel et al, 1987) . Deletions of KAE1, PCC1, BUD32, CGI121 and QRI7 were made by gene replacement using the Schizosaccharomyces pombe his5 þ , the E. coli kanMX6 or the Saccharomyces cerevisiae TRP1 gene in a W303 diploid strain (Longtine et al, 1998) . The heterozygous diploid was sporulated and haploid strains carrying the deletions were selected using the specific marker. The deletions and the mating type of the haploid mutants were confirmed by PCR.
E.coli strains were cultured aerobically at 371C in LB medium. The conditional E. coli ygjD strain was grown on LB agar plates supplemented with 0.2% arabinose. To maximally deplete intracellular YgjD, a single colony was inoculated into 1 ml LB and grown overnight in the absence of arabinose. The cells were subcultured into 100 ml of LB supplemented with 0.5% glucose, allowed to grow to OD 600 ¼ 0.2-0.3 and harvested by centrifugation. For YgjD þ growth, cells from the depleted culture were subcultured at 371C in LB supplemented with 0.2% arabinose to OD 600 ¼ 0.2-0.3 and harvested by centrifugation. Harvested cells were washed in cold water and stored at À801C.
The plasmid pYY128 containing the BUD32 gene was constructed by cloning the BUD32 promoter region (À296 to þ 1), the BUD32 ORF, and 217 bp downstream of the ORF in the vector pRS316 (URA3 CEN). The plasmid pYY132 containing the bud32 D161A allele was constructed by site-directed mutagenesis of the parent plasmid pYY128.
Purification of tRNA
Yeast strains were grown in YPD or SC-Ura medium to O.D 600 ¼1.5 at 301C, harvested, washed in cold distiled water and stored at À801C. The conditional E. coli strain was grown at 371C in LB supplemented with either 0.2% arabinose (YgjD þ ) or 0.2% Glucose (YgjD À ) to OD 600 ¼ 0.3, harvested, washed in cold water and stored at À801C. The yeast and bacterial cell pellets were thawed on ice and bulk tRNA was isolated using the mirVana TM miRNA isolation kit (Ambion) according to the manufacturer's instruction. The tRNA was eluted in water and stored at À801C. RNA concentration was quantified using Nano Drop (Thermo Scientific). The RNA quality was checked by electrophoresis on a 15% denaturing polyacrylamide gel and visualized by ethidium bromide staining.
